Objective: The purpose of this study was to investigate differences in alveolar and skeletal dimensions among subjects with different vertical facial dimensions using cone beam computed tomography (CBCT). To date, this is the first study that investigates the relationship between facial type and posterior alveolar thickness in both maxilla and mandible, using CBCT data. Materials and methods: From a sample of 152 CBCT scans, 45 scans were selected to be included in the study. CBCT-synthesized lateral cephalograms were used to categorize subjects into three groups based on their vertical skeletal pattern. Using iCATVision™ software, measurements of alveolar height and thickness were carried out in the entire tooth-bearing region. In addition, AutoCAD™ software was used to carry out measurements for the anatomical limitation to labio-lingual incisor movement. Kruskal-Wallis and Mann-Whitney U-tests with the Bonferroni adjustment were done for statistical analyses. Results: Compared to the other two groups, high-angle group had larger anterior dentoalveolar height with no significant differences in alveolar height posteriorly, in both the maxilla and mandible. Furthermore, high-angle group presented thinner alveolus anteriorly in the maxilla and at almost all sites in the mandible. Low-angle group had higher mean values for some measurements of the anatomical limitation to labio-lingual incisor movement for all upper and lower incisors. Limitations: Inherent limitations of CBCT scanning as related to physical spatial resolution of the image and limitations posed by the study sample size should be considered. Conclusions: There is a statistically significant relationship between facial type and alveolar height and thickness. High-angle subjects can be at increased risk of moving incisors beyond alveolar bone support when subjected to marked antero-posterior incisor movement.
Introduction
Orthodontic tooth movement is achieved through bone remodelling of the alveolar process. An orthodontically ideal position of the teeth, that is esthetically pleasing and long lasting, requires the identification of the possible hard and soft tissue limitations to orthodontic tooth movement (1) . Awareness of the anatomic factors that limit the movement of teeth minimizes the risk of potential damage to tooth roots and alveolar bone when moving teeth orthodontically. Iatrogenic problems related to orthodontic tooth movement has been thoroughly discussed in the literature including root resorption, mucogingival changes, fenestration, and dehiscence (2, 3) . Among the hard tissue limitations are areas of sclerosed bone, inferior aspect of the palate (especially in deep bite patients) as well as the labial and lingual cortical plates at the level of the root apex (4) . Thus, knowledge of the morphological features of the alveolar bone is of paramount importance to orthodontic tooth movement.
The morphology of the craniofacial region is dominantly controlled by genetic factors. However, functional demands can have a significant effect on craniofacial growth and development (5) . Facial divergence has been related to the masticatory muscles and the association between the hyperdivergent growth pattern and muscular hypofunction has previously been reported (6) . Changes in loading European Journal of Orthodontics, 2015, 194-201 doi:10.1093/ejo/cju034 Advance Access publication August 11, 2014 exerted by the muscles during function alter cortical bone thickness, not only at the site of muscle insertion but also in the alveolar bone of the tooth-bearing region of the jaws (7) . Accordingly, thickness of the cortical bone can provide an insight to the forces it experiences and is expected to vary in subjects with different vertical facial dimensions (8) .
Several studies provided evidence that a significant relationship exists between facial type and the morphological features of the tooth-bearing region of the jaws. Dentoalveolar compensation occurred in subjects with hyper-and hypo-divergent growth patterns mainly by adaptations in incisor alveolar and basal heights (9) . In some studies, lateral cephalograms were used for measurements of the dentoalveolar height, alveolar depth, and area measurements for the anterior alveolar and basal midsagittal cross-section of the maxilla and mandible (4, (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Only a few studies used threedimensional data for assessment of alveolar bone morphology and mainly studied the anterior region of either the maxilla or mandible (21) (22) (23) (24) (25) (26) (27) . To date, this is the first study that investigates the relationship between facial type and alveolar bone morphology of the whole tooth-bearing region of both the maxilla and mandible using cone beam computed tomography (CBCT) data.
The purpose of this study was to investigate whether there are statistically significant differences in alveolar and skeletal dimensions in the tooth-bearing region of the jaws, in the anterior as well as the posterior region, among subjects with different vertical facial dimensions, using CBCT. This would provide reference data that can be useful for clinicians attempting orthodontic tooth movement in subjects with different facial types.
Materials and methods
CBCT scans of 152 subjects were analysed. Those scans were collected from the Department of Oral and Maxillofacial surgery and were taken for selected cases as a part of pre-extraction assessment of impacted mandibular third molars. For some of these cases, a large field of view was taken where imaging for the upper third molars was also needed, and these were the scans included in the study. Subjects receiving previous or current orthodontic treatment, obvious periodontal disease, missing permanent teeth (excluding third molars), severely ectopic teeth (such as buccally erupting canines), and evidence of previous trauma were excluded. The remaining 48 scans were for subjects aged between 18 and 30 years old. These tomographs were obtained by iCAT CBCT scanner (Model 17/19 series; Imaging Sciences International, Hatfield, Pennsylvania, USA) at the following settings: 120 kVp at 5 mA for a total scan time of 7 seconds, with a voxel size 0.3 mm.
The three-dimensional image was reconstructed by the iCATVision™ software (version 1.7.0.7, Imaging Sciences International) and saved in digital imaging and communications in medicine format. An orthodontist trained in the use of this software analysed all scans. Subjects were classified into three groups based on their facial pattern. Facial type categories were determined from lateral cephalograms synthesized from the CBCT scans using the maximum intensity projection technique. The CBCT-synthesized cephalogram of each subject was saved as JPEG image and imported into Onyx ceph™ software (version 2.6.52, Image Instruments, Chemnitz, Germany).
Categories were determined using the following cephalometric measurements: 1. Face height index [the ratio of posterior face height to anterior face height using the measurements of the distance from sella (S) to gonion (Go) divided by the distance of nasion (N) to menton (Me)] (28). It is in the range of 66.2 ± 3.3 per cent in patients with an average growth pattern (29) . 2. Mandibular plane angle [the angle between the anterior cranial base (sella to nasion SN) and the mandibular plane (formed from menton to gonion Me-Go)]. It is in the range of 32.5 ± 3.4 degrees in patients with an average growth pattern (29) . Patients had to fit into a single category for all measurements to be included in the study. Three subjects who fell into mixed categories on a single cephalogram were excluded from the groups. Based on these measured cephalometric variables, subjects were divided according to facial type (Supplementary Table 1 ): 17 with an average vertical facial dimension-normal-angle group (10 women and 7 men; mean age 22.7 ± 3.7), 13 with a high vertical facial dimension-high-angle group (7 women and 6 men, mean age 24.7 ± 3.8), and 15 with a low vertical facial dimension-low-angle group (8 women and 7 men, mean age 25.5 ± 3.6).
Using iCATVision™ software, a fully reconstructed three-dimensional image with sagittal, coronal, and axial slices was generated and the following measurements were computed:
Measurements of alveolar height
• Dentoalveolar height (12, 13, 24) . Maxillary dentoalveolar heights were defined as the perpendicular distances of the upper central incisor tip (DH-U1) and first molar mesial cusp tip (DH-U6) to the palatal plane (anterior nasal spine-posterior nasal spine; Figure 1 ). The mandibular dentoalveolar heights were defined as the perpendicular distances of the lower central incisor tip (DH-L1) and lower first molar mesial cusp tip (DH-L6) to the mandibular plane (Go-Me).
• Distance between the root apex and the palatal/mandibular plane (4, 24) . Defined as: UH-bone superior to upper central incisor and first molar apex. The shortest distance from the maxillary central incisor (UH-U1) and first molar apex (UH-U6) to • Height of the mandibular cross-section (26) (Figure 2 ). Defined as the height of the mandibular cross-section recorded from the top of the alveolar crest to the lower border of the mandible, measured perpendicular to the mandibular plane. (24, 30) . Using iCATVision™ software, axial sections that allowed identification of the dental canals of the teeth were obtained. A sagittal scan for each tooth was obtained that corresponded to the central axis of each root. The coronal slice was then rotated using the 'rotation' tool of the software so that the vertical reference line passed through the long axis of each tooth. The parameters defining alveolar thickness were the following ( Figure 2 ):
Measurements of alveolar thickness
• Distance between the buccal and lingual/palatal cortex at the mid-root level, measured perpendicular to the long axis of the tooth.
• Distance between the buccal and lingual/palatal cortex at the root apex, measured perpendicular to the long axis of the tooth.
• Distance between the root apex and the internal labial/buccal cortex, measured perpendicular to the long axis of the tooth.
• Distance between the root apex and the internal lingual/palatal cortex, measured perpendicular to the long axis of the tooth.
Measurements of the Anatomical Limitation to Labio-lingual
Incisor Movement (24, 25) . The sagittal scans that corresponded to the central axis of the upper and lower central and lateral incisors were saved in JPEG format and imported into the planning program AutoCAD (Version 16.2, 2005, Autodesk Inc., San Rafael, California, USA). This was used to simulate labial and lingual movements of the incisors around a hypothetical centre of rotation. This aimed to identify the anatomical limit to labiolingual incisor movement. Using AutoCAD, the following points were identified ( Figure 3 ):
• Points (L) and (L2), the root apex and incisal edge, respectively. A line joining these two points represents the long axis of the incisor.
• Points (As) and (Ps), the most anterosuperior and posterosuperior points of the alveolar process, respectively.
• Point (C), hypothetical centre of rotation of the incisor, considered as the median point of the portion of the root embedded in bone.
• Points (A) and (P), the point of intersection between the arc representing the hypothetical rotation of the incisor around (C) and the internal surface of the labial and lingual cortical plate, respectively.
Measurements for labial and lingual movement of the incisors were then carried out:
• Arc of vestibularization (movement in labial direction, Arc AL), defined as the distance travelled by the apex until its contact with the internal labial cortex during the labial movement, which indicated the maximum possible inclination in the labial direction of the apex without coming into contact with the cortical plate of bone.
• Arc of lingualization (movement in palatal direction, Arc PL), defined as the distance travelled by the apex until its contact with the internal lingual cortex during the lingualization, which indicated the maximum possible inclination in the lingual direction of the apex without coming into contact with the cortical plate of bone.
• Maximum possible movement (Arc AP), given by the sum of the arcs of vestibularization and lingualization.
• Angle of vestibularization (Angle ACL), in which one of the two sides corresponded to the distance between the hypothetical centre of rotation and the point at which the apex came into contact with the internal labial cortex. • Angle of lingualization (Angle PCL), in which one of the two sides corresponded to the distance between the hypothetical centre of rotation and the point at which the apex came into contact with the internal lingual cortex.
To reduce fluctuations in measurement accuracy in this study, one trained orthodontist made all measurements. The intra-operator error was obtained by repeating measurements by the same observer, 2 weeks apart, on 10 randomly selected subjects. Inter-operator error measurements were evaluated by having other trained orthodontic operator take measurements on the same subjects. The intra-operator and inter-operator errors were assessed using the intra-class correlation coefficient and paired t-test. High correlation was found for both intraoperator (r = 0.998) and inter-operator (r = 0.997) errors. Furthermore, results of paired t-test revealed that the intra-operator and inter-operator errors of measurement were not statistically significant (P > 0.05).
Statistical analysis
Data were expressed as means and standard deviations. KolmogorovSmirnov test revealed that the data did not follow a normal distribution. Differences between the groups were determined using Kruskal-Wallis test with statistical significance considered at a P level lower than 0.05. When significantly different, further pair-wise comparisons were done with the Mann-Whitney U-tests with the Bonferroni adjustment.
Results
Comparison of alveolar height measurements (Table 1) among the three groups revealed that the high-angle group had the statistically significant largest anterior dentoalveolar height in the maxilla and mandible and the largest distance from the upper central incisor apex to the palatal plane, while the low-angle group showed the lowest mean measurement. However, no statistically significant differences were found between the three groups neither for the posterior dentoalveolar height nor for the distance from the first molar apex to the palatal/mandibular plane in both arches. The high-angle group had the longest mandibular cross-sectional height from canine to canine compared with the two other facial groups (Table 2) . However, no statistically significant differences were found for the height of the mandibular cross-section in the posterior region between the three groups.
As for measurements of alveolar thickness, in the upper arch, the high-angle group had significantly thinner alveolus compared to the low-angle group in the anterior region at the mid-root level as well as at the level of the apex with the lowest mean distance between the tooth apex and the palatal cortex anteriorly while no significant differences were found for the posterior region between the three groups (Table 3 ). In the lower arch, the high-angle group had significantly thinner alveolus compared to the low-angle group at the mid-root level as well as the level of the apex at almost all sites. Furthermore, the high-angle group had the lowest mean measurements for the distance between the tooth apex and the buccal and lingual cortical plates of bone at several sites (Table 4) .
Regarding measurements of the anatomical limitation to labiolingual incisor movement, in the upper arch, the high-angle group showed significantly lower mean values for the arc of lingualization (arc PL), angle of lingualization (angle PCL), and maximum possible movement (arc AP) for both the central and lateral incisors. In the lower arch, the high-angle group showed significantly lower mean values for almost all measurements (Supplementary Table 2 ).
Discussion
The purpose of this study was to investigate whether there are statistically significant differences in alveolar and skeletal dimensions in the tooth-bearing region of the jaws, in the anterior as well as the posterior region, among subjects with different vertical facial dimensions, using CBCT. To date, this is the first study that investigates the relationship between facial type and posterior alveolar thickness in both maxilla and mandible, using CBCT data. Threedimensional imaging offers enormous advantages compared with conventional two-dimensional images for the evaluation of alveolar bone morphology. The accuracy of measurements from the CBCT scan data was confirmed in several studies. Timock et al. (31) reported that CBCT can be used to quantitatively assess buccal bone height and buccal bone thickness with high precision and accuracy. In addition, it has been found that head orientation during the scan does not influence the accuracy or the reliability of linear measurements of the craniofacial complex (32, 33) . As for the resolution of the obtained data volume, Damstra et al. (34) evaluated the accuracy of CBCT at two resolutions and suggested that the 0.4 mm voxel resolution was adequate for measurements of craniofacial structures. However, inherent limitations of CBCT imaging should also be considered. Although it has been reported that CBCT is an appropriate tool for intraoral linear measurements, it was also found that even the 0.125 mm voxel protocol does not depict the thin buccal alveolar bone covering reliably, and there is a risk of overestimating fenestrations and dehiscences (35) . The accuracy of measuring alveolar bone height on CBCT is limited by the physical spatial resolution of the image and can be measured to an accuracy of about 0.6 mm (36). Furthermore, partial volume averaging can influence the spatial resolution. When the size of the voxel is larger than the object it represents, most often along the margin of an object or at the boundary of two substances of differing densities, an average of the densities present is displayed. This can result in lower spatial resolution as it makes boundaries between densities harder to accurately distinguish. Thin bone is especially susceptible to partial volume averaging (37) . Further limitation of the current study is posed by the sample size. The problem of a small study sample is related to the power of the statistical test, which is then reduced, to show statistically significant differences. When significant differences are demonstrated in such a situation, they really exist. However, the absence of significant differences does not necessarily indicate that they do not exist.
Alveolar height measurements
Studies have reported contradictory results for alveolar heights when comparing subjects with different vertical skeletal patterns. A major source of confusion might stem from the fact that several studies selected the sample based on the dental overbite and did not differentiate between overbite differences that result from habits or true skeletal discrepancies. Gracco et al. (24, 25) reported that no differences among the three facial types were found for the maxillary and mandibular alveolar height measurements for any of the four incisor teeth. However, in that study, subjects were classified by facial type based on a single criterion (the Frankfortmandibular plane angle) identified from the lateral cephalometric radiograph, which can be influenced by other factors, such as cranial base deflection and others (38) , which would mask the real predominance of one vector of facial growth. Similarly, Esenlik and Sabuncuoglu (15) also reported that the mean symphysis height was similar among hyper-, hypo-, and normodivergent Class II division 1 subjects.
On the other hand, similar to our finding, Kuitert et al. (9) found that the anterior dentoalveolar height in both the maxilla and the mandible was statistically significantly larger in long-face subjects compared to short-face subjects. This was similarly reported by other studies (11, 13, 14, 18) . Therefore, it can be concluded that the dentoalveolar compensation mechanism acts in the maxilla and mandible by enlarging the vertical size of the frontal dentoalveolar heights in long-face subjects and, conversely, reduces it in short-face subjects.
The height of the alveolus superior to the maxillary central incisor apex (UH) was greater in the high-angle group than in the average-or low-angle group. It appears that as the face lengthens, in part due to mandibular divergence, the incisors must erupt away from the basilar plane. This parallels the findings of Handelman (4). For a patient who presents with a deep bite and limited available distance in the vertical dimension for incisor intrusion, extrusion of the posterior teeth to address the deep bite would be a more appropriate treatment to avoid damage to the apices of the central incisors compressing against the dense bone of the nasal floor identified by Handelman as an 'orthodontic wall' (4) .
The amount of jaw growth and teeth eruption may have post-treatment stability implications. Alexander (39) found that Class I extraction cases with the greatest mandibular vertical growth displayed the greatest increases of incisor irregularity post-retention. It can be supposed that increased vertical growth potential leads to increased eruption potential, which in turn leads to increased potential for instability. Regarding the posterior dentoalveolar height, Han et al. (27) found that the mandibular height of patients with the horizontal growth pattern was greater than that of those with the vertical growth pattern. A similar finding was reported by Martina et al. (20) . Swasty et al. (26) also found that the height of the cross-sectional area of the mandible in the long-face group was shorter posteriorly than in the other two groups and became greater toward the symphysis. In our study no statistically significant differences were found for the posterior dentoalveolar height in both arches between the three groups. This is similar to the finding of other studies who found that maxillary and mandibular molar heights are similar among groups with different vertical facial dimensions (9, 15) . Apparently, the dentoalveolar compensation mechanism acts in both short-face and long-face subjects mainly by vertical adaptation of the maxillary and mandibular frontal alveolar process.
Alveolar thickness measurements
In the upper arch, the high-angle group had significantly thinner alveolus compared to the low-angle group in the anterior region with the lowest mean distance between the tooth apex and the palatal cortex while no significant differences were found for the posterior region between the three groups. This finding is similar to that of other previous studies where the short-face type group showed a greater bone thickness in the anterior region of the maxilla compared to the long-face type group (4, 9, 24) . However, this was in contrast to that reported by Edwards who found no difference in width of the anterior palate in groups divided by mandibular divergence (40) . Furthermore, Beckmann et al. found that a long-faced person generally will have a larger area of the maxillary alveolar and basal bone that coincides with a longer maxillary alveolus with no significant deviation of its shape (11) . However, comparisons of the current results with those from other studies must be carefully conducted because of differences in sample selection and measurement techniques. In the lower arch, the high-angle group had significantly thinner alveolus compared to the low-angle group at almost all sites. Furthermore, the high-angle group had the lowest mean measurements for the distance between the tooth apex and the buccal and lingual cortical plates of bone at several sites. This was similar to that reported by Swasty et al. (26) who found that the long-face group also demonstrated significantly more narrow mandibular width in the upper third of the cross-sectional area compared with the 2 other facial groups.
This finding can have several important implications. Excessive sagittal movements of the incisors carry the risk of moving the teeth beyond the limits of the alveolar bone support, which can be associated with potential iatrogenic sequelae. Thus, planning tooth movements in high-angle patients need to be carried out carefully, paying close attention to the characteristic alveolar bone morphology associated with the vertical skeletal pattern. It can be recommended that for patients with a hyperdivergent facial pattern, close attention should be paid to the size, shape, and configuration of the symphysis as seen on the lateral cephalogram, particularly whenever pronounced sagittal movements of the incisors are needed. For patients with an exceedingly narrow and elongated symphysis, more detailed, three-dimensional data can be obtained with highresolution CBCT for planning tooth movements more accurately. This can help in decision making, besides considering several other factors, including the decision of extraction/non-extraction, as well as for borderline patients that may need orthognathic surgery and to seek inter-disciplinary collaboration when necessary. Furthermore, it could be recommended that buccolingual movement of the lower posterior teeth should be limited in high-angle subjects in order to confine the teeth within the limits of the alveolar bone housing. This would help in minimizing the risk of iatrogenic problems related to orthodontic tooth movement including root resorption, mucogingival changes, fenestration, and dehiscence.
Measurements of the anatomical limitation to labiolingual incisor movement
According to Solow (41) , the dentoalveolar compensation mechanism in connection with variations in the vertical skeletal relationships can involve height, depth, and volume of the symphysis and anterior part of the maxilla. Therefore, measurements of the anatomical limitation to labio-lingual incisor movement were done for the anterior region of the maxilla and mandible, including the four anterior teeth.
The results of alveolar thickness measurements show that patients with a hyperdivergent pattern have a narrower alveolus compared to the normal-and low-angle groups. Therefore, it was suggested that the scope of antero-posterior movements of the incisors would be reduced in high-angle patients. This was confirmed as the high-angle group showed significantly lower mean values for measurements of the anatomical limitation to labio-lingual incisor movement for both the upper and lower central and lateral incisors. Perhaps most important, the results of the current study give reference data for clinicians attempting orthodontic tooth movement in subjects with different facial types.
Conclusions
1. There is a statistically significant relationship between facial type and alveolar height and thickness. 2. Dentoalveolar compensation mechanism acts in both high-angle and low-angle subjects by vertical lengthening of the maxillary and mandibular frontal alveolar process. No statistically significant differences were found for the measurements of alveolar height in the posterior region in both arches. 3. High-angle group presented thinner alveolus anteriorly in the maxilla and at almost all sites in the mandible. High-angle subjects can be at increased risk of moving incisors beyond alveolar bone support when subjected to marked antero-posterior incisor movement.
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